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Introduction {#sec1}
============

Lung cancer has the number one mortality among all cancer types with an estimated number of deaths of 140,000 in year 2019 in the United States ([@bib18]). The majority of patients are diagnosed with non-small cell lung cancer (NSCLC) and have aggressive metastasis and resistance to existing therapeutics. Novel therapeutic strategies based on rational drug combinations to overcome drug resistance is currently needed in the clinic. Of the family of noncoding RNAs (ncRNAs), microRNAs (miRNAs) exist as small ncRNAs and mediate target translational inhibition or degradation by binding to complementary regions in target mRNAs ([@bib15], [@bib17]). Since the discovery of the first miRNA in 1993 and 7 years later the first mammalian miRNA, *let-7*, currently more than 2,000 human miRNAs have been discovered ([@bib3], [@bib16]). These miRNAs have been shown to regulate key cell signaling events such as apoptosis, proliferation, migration, and differentiation. Considering the widespread roles of miRNAs in cell biology, it is not surprising that a significant number of these miRNAs play roles in cancer progression ([@bib3], [@bib17]). One such miRNA, miR-34a, is often downregulated in cancers and involved in oncogenic programming of cancer cells ([@bib5], [@bib10], [@bib11]). Transcription of miR-34a is regulated by p53 binding to the promoter region of miR-34a and activating its transcription ([@bib5]). Major cancers such as lung and pancreatic cancers have shown to exhibit downregulation of miR-34a ([@bib17]). miR-34a has been shown to play roles in DNA damage response-mediated apoptosis by direct targeting of Sirtuin 1([@bib10]). Numerous studies have shown a role for miR-34a as a tumor suppressor miRNA via targeting several cell cycle proteins such as CDK4/6, anti-apoptosis proteins such as BCL2, and metastasis-related proteins such as MYC and CD44 ([@bib12]).

In recent years, several preclinical studies have shown the potential for tumor suppressor miRNA replenishment as a viable therapeutic against cancers. Along this line, miR-34a replenishment therapy is one of the most widely tested miRNA strategies and has advanced to a phase I clinical trial against several solid and hematological malignancies ([@bib2]). In models of NSCLC, a liposomal formulation of miR-34a mimic was delivered to xenografted lung tumors and significant inhibition of tumor growth was observed ([@bib20]). Furthermore, tumors expressed lower levels of proteins that are regulated by miR-34a, such as MET and BCL2. In the *Kras*^*LSL−G12D/+*^;*Trp53*^*LSL−R172H/+*^ model of NSCLC, which is highly resistant to anticancer therapies, viral vector-based and nanoparticle strategies to deliver inducible miR-34a also showed promise by decreasing tumor burden and targeting Bcl2 protein reduction ([@bib8], [@bib9]). Recently, miR-34a encapsulated in an early-generation lipid nanoparticle was tested in a clinical trial, and unfortunately, during the dose escalation stage, a small number of patients showed immune-related cytotoxicity and the trial ended ([@bib4]). The cause of the toxicity is unknown, but this issue reiterates the need for careful consideration of dosing and targeted therapeutics using nanoparticles with ligands to cancer cell receptors, avoiding off-target cytotoxicity or adversarial immune reactions.

In this current study we take a novel approach in an attempt to increase miR-34a therapeutic efficiency by identifying a possible combination therapy with small molecules. Using a high-throughput screen consisting of ∼10,000 small molecules of known biological activity, we identify ouabain as a top small molecule candidate to combine synergistically with miR-34a in killing lung cancer cells. We believe that the combination approach will help in reducing the effective dose for miR-34a needed in the clinic and could allow for a reduction in adverse reactions.

Results and Discussion {#sec2}
======================

A Screen of Lung Cancer Cells for miR-34a Sensitivity {#sec2.1}
-----------------------------------------------------

Previous studies have shown that miR-34a induces apoptosis and reduces tumor growth in many cancer cell types, and lung cancer is one of the major cancer types among them. First, we measured miR-34a expression in a panel of lung cancer cell lines (n = 11) and compared this with immortalized lung epithelial cells SALE and AALE. We observed that, compared with AALE and SALE cells, many NSCLC cells have low expression of miR-34a, with A549 being one of the least expressing cells ([Figure 1](#fig1){ref-type="fig"}A). To understand how these cells respond to miR-34a expression rescue, we artificially introduced miR-34a in these cells using miR-34a mimics. All of the cell lines showed decreased viability in the miR-34a-treated group compared with miR-Control, as measured by MTT assay ([Figure 1](#fig1){ref-type="fig"}B). Interestingly the IC50 values did not correlate with their basal miR-34a expression and the IC50 ranged from 5.60 to 40 nM, the highest of the tested doses ([Figure 1](#fig1){ref-type="fig"}B). We selected A549 cells for establishing a high-throughput screen based on observation that this cell line has low expression of miR-34a and is partially resistant to miR-34a rescue. This would provide a window to improve miR-34a therapy in combination with a small molecule. Furthermore, in A549 cells we tested the effect on expression of miR-34a downstream targets *BCL2*, *CD44*, *JAG1*, *MET*, *MYC* and observed that the majority of these downstream targets showed significant reductions in mRNA expression ([Figure 1](#fig1){ref-type="fig"}C). This further confirmed that A549 cells respond to miR-34a treatment and act as a suitable cell line for establishing a small molecule enhancer screen.Figure 1Evaluation of miR-34a Expression and Dependence in a Panel of Lung Cancer Cell Lines(A and B) (A) Distribution of miR-34a expression in non-small cell lung cancer cell lines compared with normal lung epithelial cells SALE and AALE. Compared with SALE, all cancer cell lines showed a significant reduction in miR-34a levels (p \< 0.001), and compared with AALE, except for H650 and H358, all the cancer cell lines showed a significant reduction in miR-34a levels (p \< 0.001). (B) miR-Control and miR-34a dose-response curves in non-small cell lung cancer cell lines (n = 10). Cells were transfected with miR-Control or miR-34a for 72 h, and viability was measured using the MTT reagent.(C) Data showing qPCR-based measurements of miR-34a downstream genes *BCL2*, *CD44*, *JAG1*, *MET*, and *MYC*, after treating A549 cells with miR-Control and miR-34a mimics at 40 nM for 72 h. All comparisons are done with respective miR-Control gene expression (\*p \< 0.05, \*\*p \< 0.005, Student\'s t test). Bars and errors bars represent the means and the corresponding SEMs for n ≥ 3.

Establishing a Cell-Based System for miR-34a Enhancement {#sec2.2}
--------------------------------------------------------

The doxycycline inducible expression system has been used widely in studies to control gene expression and perform investigations in a controlled manner. For the current study to screen small molecules acting synergistic with miR-34a, we established A549 cells with inducible overexpression of miR-34a. We cloned the miR-34a coding sequence into a lentiviral plasmid with TET response element adjacent to the promoter. Lentiviral particles were transduced into A549 cells, and we measured expression of miR-34a after addition of doxycycline ([Figure 2](#fig2){ref-type="fig"}A). Our data showed a dose-dependent increase in miR-34a expression at the 72-h time point ([Figure 2](#fig2){ref-type="fig"}B). We selected 1 mg/mL as a dose of doxycycline for subsequent experiments as this dose induced miR-34a level comparable with those found in the normal lung cell lines screened as per [Figure 1](#fig1){ref-type="fig"}A (for example, A549 cells showed ∼350-fold lower miR-34a compared with the average of SALE and AALE expression). We confirmed activity of induced miR-34a using a reporter plasmid containing miR-34a target sequence placed in the 3′ UTR region of luciferase. Our data showed a significant decrease in luciferase signal upon induction with doxycycline at 1 mg/mL for 72 h ([Figure 2](#fig2){ref-type="fig"}C), confirming active miR-34a in A549 cells. Upon checking mRNA expression of miR-34a downstream targets, CD44 and SRC, our data showed a significant reduction at the 48- and 72-h time points, confirming that miR-34a is active in downstream signaling modulation ([Figure 2](#fig2){ref-type="fig"}D).Figure 2Establishing the miR-34a Inducible Expression System and an Assay for the Small Molecule Screen(A) Schematic of the cell line system for miR-34a expression inducible by adding doxycycline. The miR-34a pre-miRNA was placed next to a TET responsive element, and CopGFP was placed under control of EF1a core promoter. Cells were selected for GFP expression and used in downstream assays.(B) Expression of miR-34a in A549-miR-34a cells after adding increasing doses of doxycycline (DOX) for 48 h (\*\*\*p \< 0.005, Student\'s t test).(C) miR-34a reporter luciferase activity upon addition of doxycycline at 1 μg/mL dose to A549-miR-34a cells, compared with non-transfected (NT) cells or without DOX, time point set to 48 h (\*\*\*p \< 0.005, Student\'s t test).(D) Expression of miR-34a downstream genes *CD44* and *SRC* after inducing miR-34a expression using DOX at 1 μg/mL treatment with time course monitored up to 72 h (\*p \< 0.05, \*\*p \< 0.01, Student\'s t test). Bars and errors bars represent the means and the corresponding SEMs for n ≥ 3.(E) Establishing the cell-based assay for detection of total cell counts and caspase 3-activated cells. DOX and Erlotinib were added to a set of A549-miR-34a cells plated in parallel, and total cell numbers and activated caspase 3-positive cell counts were taken, followed with data analysis to measure the Z-factor.

High-Throughput Assay Standardization for the Screen of Small Molecules to Combine Synergistically with miR-34a {#sec2.3}
---------------------------------------------------------------------------------------------------------------

For the phenotypic assay, we used detection of apoptosis induction (by measuring activated caspase 3) and the total number of cells (using Hoechst nuclear staining). Optimization of cell numbers and the HT assay was performed using A549-miR34 cells with a positive control compound, erlotinib, as previously we had seen combining miR-34a with erlotinib treatment showed a decrease in IC50 *in vitro* ([@bib19]). An initial cell number screen showed that the optimal cell number in 384-well plates to show increased caspase activity and a significant decrease in cell numbers is 5,000 cells. Images showed a consistent increase in caspase 3 fluorescence signal in erlotinib treated or doxycycline combination groups ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B). Furthermore, the robustness of the established assay was measured using cells plated in 384-well plates in conditions similar to the small molecule screen conditions and signals were measured using an automated plate reader with robotic handling of plates. Data analysis for the Z factor showed a valid score of 0.91 for total cell count and 0.72 for caspase 3 + cells ([Figure 2](#fig2){ref-type="fig"}E). For all screening plates, the quality control Z factor was set to 0.5, and any plates below this threshold, were repeated.

Ouabain Sensitizes Lung Cancer Cells to miR-34a Treatment {#sec2.4}
---------------------------------------------------------

Upon finalizing the phenotypic assay, cells with miR-34a induction were screened with 9,908 bioactive compounds ([Table S1](#mmc1){ref-type="supplementary-material"}, [Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B) for increased apoptosis and decreased cell numbers. XY plot of +dox versus −dox readouts with all the molecules (n = 9,908) screened showed linearity and confirmed the robustness of the assay ([Figure 3](#fig3){ref-type="fig"}A). Furthermore, positive control erlotinib treatment points showed a shift toward the +dox axis in % caspase activity and shift toward −dox axis with respect to total cell counts, verifying the validity of the assay and the data generated. Data from the small molecule screen for % decrease in cell numbers and caspase + cells was used for initial stratification of top candidates to be subsequently tested in a cherry pick screen ([Figures 3](#fig3){ref-type="fig"}B and [Table S2](#mmc1){ref-type="supplementary-material"}). For the cherry pick screen, we included the top 48 molecules (two of fifty molecules were omitted as they belonged to the same family) from the initial screen and a six-point dose-response curve was plotted starting with the maximum feasible dose (IC50s and caspase 3-positive cells data are in [Table S2](#mmc1){ref-type="supplementary-material"}). Our data showed similarity to the initial screen, and molecules repeated in terms of cell number decrease and increased caspase + cells upon miR-34a inductions. However, several of the 50 molecules did not reach an IC50 at the highest dose in control cells or miR-34a-induced cells; hence we used IC30 for selecting the next set of top candidates to move into combination index calculations with miR-34a transfections in multiple cell lines.Figure 3High-Throughput Screen Identification of the miR-34a Synergistic Small Molecule Ouabain(A) Data show XY plots with cell counts and activated caspase 3 + cells in doxycycline-treated (DOX+) versus control cells (DOX−). Data summarized from 9,850 small molecules of biologically known activity.(B) Plot of fold change in total cell counts and caspase 3 + cell counts from cells treated with doxycycline compared with control untreated cells. Data from the top 50 molecules with decreased cell numbers and increased caspase 3 + cells are shown.(C) Synergy plot of miR-34a and ouabain-treated A549 and HCC827 lung cancer cells. Lowe\'s additivity combination index was calculated and plotted as heatmap using Combenefit data analysis tool.(D) MTT assay-based validation of the observed synergy with ouabain and miR-34a in A549, HCC827, H1975, and CALU6 lung cancer cells. Data show % cytotoxicity in 40 nM miR-34a treated (blue line) versus 40 nM miR-control (black line) with an increasing dose of ouabain. Data were fitted by non-linier regression with variable slope. Goodness of fit showed R squared for all the IC50 plots greater than 0.9.

Based on our stringent criteria of decrease in IC30 (median 72% as cut off) and increased caspase-positive cells, we selected seven candidates from [Table S3](#mmc1){ref-type="supplementary-material"} for conducting Lowe\'s additivity combination index synergy analysis. Increasing doses of the top seven drugs in A549 and HCC827 cells, with increasing doses of miR-34a mimic transfection, were used. miR-Control was used to measure any cytotoxicity arising from transfection or drug class. Our data showed a maximum synergetic score and points in the matrix for ouabain followed by QNZ ([Figures3](#fig3){ref-type="fig"}C, [S3](#mmc1){ref-type="supplementary-material"}A, and [S2](#mmc1){ref-type="supplementary-material"}B). Furthermore, this synergy was not observed in miR-Control-treated combinations suggesting a role of miR-34a in causing synergistic decreases in viability as measured through total cell counts. We confirmed the observed synergy by using an MTT assay for viability in four lung cancer cell lines with varying mutational landscape A549, HCC827, H1975, and CALU6. Our data showed a significant shift in IC50 in all four cell lines and confirmed the role of ouabain in causing a synergistic decrease in viability with miR-34a treatment ([Figure 3](#fig3){ref-type="fig"}D).

Ouabain and miR-34a Combination Effects Are Seen in Pancreatic and Colon Cancer Cells and Patient-Derived Xenografts from Lung Cancer Patient {#sec2.5}
---------------------------------------------------------------------------------------------------------------------------------------------

Considering that miR-34a is lost in many other cancers including pancreatic and colon cancers, we further explored the applicability of findings from this study to these cancers. We used the BXPC3 cell line for pancreatic cancer and HCT116 and HCT15 cells for colon cancer. Our data with three different doses of ouabain showed a significant decrease in cell counts compared with control or individual ouabain, or miR-34a treatments ([Figure 4](#fig4){ref-type="fig"}A).Figure 4Testing of Synergy between Ouabain and miR-34a in Additional Cancer-Type Cells and Lung Cancer Patient-Derived Xenograft (PDX) 3D Cell Cultures(A) Data showing a change in cell counts after treating cells with increasing doses of ouabain and miR-34a at 40 nM concentration in pancreatic BXPC3 and colon cancer HCT116 and HCT15 cells. Upon using ANOVA with multiple comparison test, only BXPC3 showed significance between miR-34a and miR-34a with ouabain at 3-μM dose (\*p \< 0.05) (B) Primary cultures established from a lung cancer patient-derived xenograft were treated with miR-34a or a combination of miR-34a and ouabain. The number of spheroids is quantified in the bottom panel (\*\*p \< 0.01, \*\*\*p \< 0.001, Student\'s t test). Bars and errors bars represent the means and the corresponding SEMs for n ≥ 3.

Patient-derived xenograft and primary 3-dimensional cell cultures (organoids) have been recently used in studies and are suggested to be closer to *in vivo* models than 2D cell cultures. In our current study we utilized such a system and established 3D patient-derived lung cancer spheroids embedded in low concentration of geltrex mixed in cell culture media. miR-Control-treated group showed normal growth of spheroids, and miR-34a or ouabain treatment resulted in a decreased number of spheroids ([Figure 4](#fig4){ref-type="fig"}B). However, the largest significant decrease was observed in miR-34a and ouabain-treated cells consistent with the monolayer cell culture findings above ([Figure 4](#fig4){ref-type="fig"}B).

Ouabain Acts Synergistically with miR-34a via Induction of Autophagy {#sec2.6}
--------------------------------------------------------------------

During the course of study, we noticed that cells treated with ouabain showed a large number of vacuoles and this number increased in combination with miR-34a ([Figure 5](#fig5){ref-type="fig"}A). A comparison of our phase contrast images with those found in the literature indicated that the clear morphology changes we observed were consistent with autophagy ([@bib14]). To test this, cells were transduced with the Premo Autophagy Tandem Sensor RFP-GFP-LC3B system to study the definitive molecular changes related to autophagy. This sensor has an acid-sensitive GFP signal and acid-insensitive RFP signal upon induction of autophagy in cells. In the ouabain treatment group we observed increased autophagolysosome- (RFP) and autophagosome- (GFP) positive cells compared with control or miR-34a treatments ([Figure 5](#fig5){ref-type="fig"}B). Western blots of lysates from cells treated with miR-control, ouabain, miR-34a, and the combination showed increased LC3A/B signal and confirmed induction of autophagy ([Figure 5](#fig5){ref-type="fig"}C). All of these data suggested activation of autophagy and associated cell death when cells are treated with miR-34a and ouabain.Figure 5Ouabain and miR-34a Treatment Augments Autophagy in Cancer Cells(A) Phase contrast images of A549 cells treated with miR-Control, miR-34a, ouabain, and combination of miR-34a (40 nM) with ouabain (IC50, 30 nM). All images are taken at 200× magnification. Images from cell treated with ouabain or miR-34a combination show large vacuoles, consistent with an autophagic phenotype.(B) Fluorescent images from A549 cells with the RFP-GFP-LC3B reporter assay for autophagy. Autophagosomes (green) and LC3B-positive autophagolysosome (red) and nucleus (blue) are shown with quantification of number of respective positive cells as a percentage of total number of cells (lower panel).(C) Western blot data showing LC3A/B bands in cells treated with miR-control, ouabain (30 nM), or miR-34a (40 nM) combinations in A549 cells. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, Student\'s t test. Bars and errors bars represent the means and the corresponding SEMs for n ≥ 3.

Conclusion {#sec2.7}
----------

Of several hundred miRNAs identified in humans, a few have emerged as strong tumor suppressors, often lost owing to deregulation in the transcription machinery regulating particular miRNAs ([@bib3], [@bib17]). One such miRNA is miR-34a, directly downstream of the p53 transcription factor ([@bib5]). Loss of p53 and related loss of expression of miR-34a has been reported in many cancers including lung cancer ([@bib5]). Reintroduction of tumor suppressor miRNAs has shown therapeutic efficacy against cancers, and miR-34a has progressed past preclinical studies into clinical trials ([@bib8], [@bib20]). In addition to delivery of miR-34a using nanoparticles, a preclinical study recently showed use of ligand-mediated *in vivo* delivery of miR-34a ([@bib13]). MRX34, a clinical formulation of miR-34a in nanoliposomes had shown significant hepatic tumor reduction in *in vivo* xenograft studies ([@bib4]). Despite mostly manageable safety in the dose escalation phase of the early phases of the clinical trial, three patients developed immune-related serious adverse events and the trial was halted. This suggests that, despite the attractive promise of single agent miRNA therapy, there is a need for combination therapeutics, potentially decreasing the need for large single-dose compounds. In this study we screened ∼10,000 biologically active compounds for their potential to induce cell killing in combination with miR-34a in a synergistic manner. With multiple experimental validations, we identified ouabain as a small molecule capable of inducing significant cell killing even at low doses of ouabain and miR-34a.

Previous studies have shown a role for ouabain and related cardiac glycosides in inducing cancer cell apoptosis mediated by direct inhibition of Na^+^ K^+^ ATPases ([@bib6]). Inhibition of ATPases resulted in induction of apoptosis via activation of JNK leading to decreased Bcl2 and releasing Beclin1, an autophagy inducer ([@bib21]). In parallel to this study, our data suggest that, upon combination with miR-34a, LC3 production and cleavage, definitive markers of autophagy were increased. Furthermore, these data directly correlate with decreased cell viability and increased apoptosis measured via Caspase 3 signals. In the end, our data provide evidence for use of ouabain as a combination therapeutic with miR-34a against lung cancer and similar cancers with loss of miR-34a. These data will serve as a strong basis for future preclinical trials involving miR-34a treatment in lung cancer.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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